Regional climate models (RCMs) can simulate heavy precipitation more accurately than general circulation models (GCMs) through more realistic representation of topography and mesoscale processes. Analogue methods of downscaling, which identify the large-scale atmospheric conditions associated with heavy precipitation, can also produce more accurate and precise heavy precipitation frequency in GCMs than the simulated precipitation. In this study, we examine the performances of the analogue method versus direct simulation, when applied to RCM and GCM simulations, in detecting present-day and future changes in summer (JJA) heavy precipitation over the Midwestern United States. We find analogue methods are comparable to MERRA-2 and its bias-corrected precipitation in characterizing the occurrence and interannual variations of observed heavy precipitation events, all significantly improving upon MERRA precipitation. For the late twentieth-century heavy precipitation frequency, RCM precipitation improves upon the corresponding driving GCM with greater accuracy yet comparable inter-model discrepancies, while both RCM-and GCM-based analogue results outperform their modelsimulated precipitation counterparts in terms of accuracy and model consensus. For the projected trends in heavy precipitation frequency through the mid twenty-first century, analogue method also manifests its superiority to direct simulation with reduced intermodel disparities, while the RCM-based analogue and simulated precipitation do not demonstrate a salient improvement (in model consensus) over the GCM-based assessment. However, a number of caveats preclude any overall judgement, and further work-over any region of interest-should include a larger sample of GCMs and RCMs as well as ensemble simulations to comprehensively account for internal variability.
Introduction
Extreme weather events can pose serious impacts on human society and the natural environment. One of the most important consequences of the climate changes is widespread changes in the frequency and severity of intense precipitation projected over the course of this century Sun et al. 2006; Gutowski et al. 2008; DeAngelis et al. 2013) . However, confidence in these projections is undermined by current climate models' inability to reproduce the observed extreme precipitation statistics of the recent past. One reason for this inability is that extreme precipitation is highly localized and influenced by regional aspects, such as orography and small-scale microphysical processes (i.e. cloud/convection), which cannot be explicitly represented with the typical resolution of global climate models. Further, the parameterizations of these processes and features can vary greatly from one climate model to another and result in significant differences in the precipitation intensity distribution (Covey et al. 2000; Wilcox and Donner 2007) .
A number of efforts have been made to address these challenges. One example is increasing the horizontal resolution of a model to improve the representation of fine-scale features and atmospheric processes. This can be implemented via the high-resolution General Circulation Models (GCMs) or commonly-employed one-way Regional Climate Model (RCM) nesting. By varying the horizontal resolution of the Community Atmospheric Model version 2 (CAM2), Wehner et al. (2010) demonstrated that horizontal resolution is a key factor in a model's ability to reproduce observed extreme precipitation over the contiguous United States. Li et al. (2011) showed that the horizontal resolution has a much stronger impact on precipitation extremes than on mean precipitation. Prein et al. (2013) analyzed summer and winter daily heavy precipitation events in regional climate simulations with 36-, 12-, and 4-km horizontal grid spacing over the headwaters of the Colorado River. They found that 4-and 12-km models are similar and outperform the 36-km simulation for winter events, but only the 4-km model is able to correctly simulate precipitation totals of heavy summertime events. Lucas-Picher et al. (2017) evaluated different weather phenomena over North America (i.e. the orographic precipitation on the west coast, the North American monsoon, the diurnal cycle of precipitation in Florida peninsula and the Caribbean islands, etc.) with the fifthgeneration Canadian RCM (CRCM5) and showed that they were improved as the resolution increases with grid meshes of 0.44°, 0.22°, and 0.11°. The benefits of finer resolution have been also demonstrated for the simulation of extremes (Chan et al. 2014; Giorgi et al. 2014; Torma et al. 2015; Prein et al. 2016) , mesoscale convective systems (Šeparović et al. 2013; Giorgi et al. 2016) , coastal storms (Colle et al. 2015; Poan et al. 2017; Seiler et al. 2017 ) and precipitation climatology (Rauscher et al. 2010; Nikulin et al. 2012; Chan et al. 2013; Kalognomou et al. 2013 ) across different model configurations and various domains of the world.
Other endeavors take a different approach, namely, statistical downscaling, and focus on the large-scale atmospheric circulation features associated with the regional and local-scale extremes. These features have been shown to be realistically simulated and fairly convergent in comparatively low-resolution climate models used in Phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP3, CMIP5) (DeAngelis et al. 2013; Kawazoe and Gutowski 2013a) and in relatively high-resolution RCMs (Gutowski et al. 2008; Kawazoe and Gutowski 2013b) . Several studies have illustrated how models' atmospheric circulation features accompanying extreme events can be characterized to derive more robust quantification of their occurrence, intensity, and changes. Hewitson and Crane (2006) demonstrated that precipitation downscaled from synoptic-scale atmospheric circulation changes in multiple GCMs can provide a more consistent projection of precipitation change than the GCMs' precipitation. Grotjahn (2011) constructed a "circulation index" based on large scale upper-air variables to forecast summertime maximum surface temperatures in California Central Valley. He found that the circulation index largely reproduces time series of the observed normalized daily maximum temperatures, even for an independent period, and performs as well as a regional model driven by large scale data. More recently, Gao et al. (2014 Gao et al. ( , 2017 developed an ''analogue method'' to detect the occurrence of heavy precipitation events over the United States, which employs composites to identify prevailing large-scale atmospheric conditions associated with heavy precipitation events at local scale. They found that the method, when applied to an ensemble of CMIP5 climate model simulations, produces heavy precipitation frequencies of the late twentieth century that are more consistent with observations and produces their trends through the twenty-first century with smaller intermodel disparity than climate model-simulated precipitation.
Each of these methods has strengths and weaknesses. High-resolution models are able to account for local-scale feedbacks as well as maintain the physical consistency of individual variables in time and space, but the substantial computation requirement prevents their practical uses for global simulations of long time periods. Statistical downscaling techniques give a first-order response to the regional climate change that is physically consistent with the circulation and are readily implemented across a broad range of GCMs and climate change scenarios because of low computational needs, but they are not capable of incorporating local-scale feedbacks. Questions remain around the relative value of the analogue-style statistically downscaled extreme precipitation statistics versus those derived from RCMs, and whether RCM simulations improve the representation of such statistics compared to the coarse resolution GCMs. GCMs have a history of intercomparison studies (CMIP3, Meehl et al. 2007; CMIP5; Taylor et al. 2012) . Several recent initiatives have carried out similar studies for RCMs, such as the Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks and Effects (PRUDENCE, Christensen et al. 2007 ), the North American Regional Climate Change Assessment Program (NARC-CAP, Mearns et al. 2009) , and the Coordinated Regional climate Downscaling Experiment (CORDEX, Giorgi and Gutowski 2015; Gutowski et al. 2016) . However, an evaluation of simulated extreme precipitation across model resolutions that also examines additional benefits and comparative behaviors of the statistical/analogue methods versus direct simulation are rare, but would provide valuable insights on the trade-offs between model detail, computational demand, and fidelity. Therefore in this study, we focus on the impact of model resolution on the performances of its simulated precipitation versus its analogue in quantifying the presentday heavy precipitation frequency and their projected future changes. In order to provide a congruous evaluation across the models-noting in particular that the spatial scale of precipitation events is often less than all the model grid sizes considered here and the coarser grid sizes should have smaller precipitation fluxes to represent any local precipitation event-all the GCMs and RCMs are interpolated to the common grid before heavy precipitation statistics are performed. Our study has two goals: (1) explore whether the analogue method, when used with the higher-resolution atmospheric circulation dynamics from the RCMs but regridded to the coarser grid, can result in further improvement in detecting heavy precipitation events over the use of low resolution synoptic circulations from the GCMs; (2) examine if a superiority of the RCM precipitation over the GCM precipitation can be preserved in terms of estimating heavy precipitation statistics, once regridded to the coarse grid. This exercise will provide useful insights into two aspects: (1) added value of RCMs to global model data; and (2) the selection between computationally expensive highresolution regional models versus extensively available low-resolution GCMs when assessing heavy precipitation frequency is concerned.
Section 2 describes the datasets (observations, reanalysis, RCM and GCM simulations) and briefly review the methodology. Section 3 presents the late twentieth century heavy precipitation frequency and projected future changes estimated based on the analogue schemes and model-simulated precipitation from RCMs and GCMs, followed by a summary in Sect. 4.
Datasets and methods
Daily precipitation observations are obtained from the NOAA Climate Prediction Center (CPC) Unified Precipitation dataset (Higgins et al. 2000) . These observations, spanning from 1948 to present and confined to the contiguous United States, are aggregated from three sources of station rain gauge reports and gridded to a 0.25° × 0.25° resolution. The model representation of heavy precipitation is usually interpreted as an average over a grid cell, so this gridded dataset is the closet comparison that can be made to the models.
The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) provides data beginning in 1980 at a spatial resolution of 0.625° × 0.5° (Bosilovich et al. 2016) . In comparison with the original MERRA dataset, MERRA-2 represents the advances made in both the Goddard Earth Observing System Model, Version 5 (GEOS-5) (Molod et al. 2015) and the Global Statistical Interpolation (GSI) assimilation system that enable assimilation of modern hyperspectral radiance and microwave observations, along with GPS-Radio Occultation datasets. MERRA-2 is the first long-term global reanalysis to assimilate spacebased observations of aerosols and represent their interactions with other physical processes in the climate system. In this study, we use the three-dimensional 3-h atmospheric diagnostics on 42 pressure levels.
The NARCCAP is a coordinated multi-RCMs numerical experiment over North America (Mearns et al. 2009 ). The lateral boundary conditions in the NARCCAP are provided by the reanalysis of the National Center for Environmental Prediction (NCEP-2, Kanamitsu et al. 2002) (Nakicenovic and Swart 2000) . Every regional model is driven by no more than two global models and the boundary conditions across regional models are not all the same. The CORDEX was launched to provide a consistent framework across multiple domains worldwide for assessing and improving regional climate downscaling (RCD) models and techniques, along with producing large ensembles of projections based on multi-model, multi-RCD approaches. The CORDEX comprises the simulations driven by the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis (Uppala et al. 2008) In particular, each RCM is driven by the same set of GCMs and a balanced matrix of GCM-RCM combinations is used. In this study, the NARCCAP data collection is used because the North American CORDEX (NA-COR-DEX) does not archive all key variables necessary for the development of the analogue method (described later).
NARCCAP data from eight RCMs, which differ greatly in their parameterized subgrid processes, are archived at a daily or 3-hourly interval and 50-km resolutions over the conterminous United States and most of Canada. We focus on the set of the experiments where each of the regional models is driven with lateral boundary information from selected fully coupled global climate models. Four RCMs provide all the necessary output variables to develop the analogue schemes, including the Canadian Regional Climate Model (CRCM) (Music and Caya 2007) , the Penn State/NCAR mesoscale model (MM5I) (Grell et al. 1995) , the Weather Research Forecasting model (Skamarock et al. 2005 ) that used the Grell convective parameterization scheme (WRFG) (Grell and Devenyi 2002) , and the Hadley Regional Model (HRM3) (Jones et al. 2004 ). ECP2 and RCM3 do not output vertical velocity as required by the analogue scheme. Three driving GCMs are the Coupled Global Climate Model Version 3 (cgcm3) (Flato et al. 2000) developed at the Canadian Centre for Climate Modelling and Analysis, the Community Climate System Model version 3.0 (ccsm) (Collins et al. 2006 ) developed at the National Center for Atmospheric Research, and the Geophysical Fluid Dynamics Laboratory's global climate model named CM2 (Delworth et al. 2006) (Table 1) .
We also compile the climate model simulations from the CMIP5 historical experiment (years 1850-2005) and experiment for the twenty-first century (years 2006-2100) employing the RCP 8.5 scenario. 18 models provide all the essential meteorological variables for the analogue schemes across the two experiments (Gao et al. 2017) , 4 of which provide data from several initial condition ensemble members. To be consistent with the NARCCAP data, we consider only one (typical the first) ensemble member of each CMIP5 model in this study. The CMIP5 models corresponding to the driving GCMs (CGCM3, CCSM3, GFDL-CM2.1) for NARCCAP RCMs are CanESM2, CCSM4, and GFDL-CM3, respectively (Table 1) . CanCM4, which is a more relevant CMIP5 model corresponding to CGCM3, is not employed due to its limited output variables available. However, as shown in Chylek et al. (2011) , the inclusion of CTEM (a dynamic vegetation and transition from CanCM4 to CanESM2) does not improve further the agreement between the observed and modeled temperature anomaly. In addition, The RCMs driven by HadCM3 are not included because all the relevant meteorological variables from HadCM3 CMIP5 simulations are not archived in the public repository.
The same set of meteorological variables are assembled or derived from the MERRA-2 reanalysis, NARCCAP regional and CMIP5 climate model simulations, including 500 hPa vector winds (uv 500 ), 500 hPa vertical velocity (w 500 ), near-surface specific humidity (q 2m ), and total precipitable water (tpw). These fields represent key environmental conditions during heavy precipitation development and are readily available in the output archives of most of the models involved in the various model intercomparison projects. The 3-hourly MERRA-2 atmospheric diagnostics and NARCCAP simulations are averaged into daily values. The thin-plate-spline (TPS) algorithm (Hutchinson 1995) is then employed to convert NARCCAP daily data of various projections to a rectilinear 0.5° × 0.5° grid. A radius of 2.5° is chosen and considered adequate for 0.5° data, which ensures at least 20 neighboring input grids per output grid. Each of the resulting 0.5° grid will be checked whether it falls outside the boundary constructed based on the geographical information of the edges of the original data and should be masked out. The TPS algorithm avoids the oversmoothing that bilinear and inverse-distance-weighted interpolation are prone to and also operates reasonably fast. It may not be conservative. However, since the resulting grid is at a resolution of approximately regional models' native grid (50 km), this data transformation is not expected to be too severe. All the daily fields, including the precipitation observation as well as the precipitation and meteorological fields from MERRA-2 reanalysis, NARCCAP RCMs, and CMIP5 climate models, are further regridded to the common 2.5°x2° resolution through conservative regridding as suggested by Chen and Knutson (2008) . We regrid the higher resolution RCM and lower resolution GCM simulations to the common grid to examine the effect of the models' native horizontal resolution for regridding on the performances of two distinctive analyses (model-simulated precipitation versus analogue schemes) in quantifying heavy precipitation frequency and its change.
The overlap period is 1 January 1980 to 31 December 1998 among the CPC observations (1948-present), MERRA-2 reanalysis (1980-present) , NARCCAP experiment (1968 NARCCAP experiment ( -1999 , and the CMIP5 historical experiment . At each grid cell, we convert the Table 1 List of NARCCAP regional models selected in this study and the corresponding driving climate models as well as the counterparts in CMIP5 Also listed in the parenthesis are main components of coupled global climate models in the form of component name followed by version number as well as the specific ensemble run employed. CAM, POP, CIC, CSIM, and CLM for CCSM4 represent Community Atmosphere Model, Parallel Ocean Program, Community Ice Code, Community Sea Ice Model, and Community Land Model, respectively (Gent et al. 2011) . CanCM, CTEM, CGCM, and CanESM represent the Canadian Centre for Climate Modeling and Analysis (CCCma) Coupled Climate Model, the Canadian Terrestrial Ecosystem Model, Coupled Global Climate Model, and Canadian Earth System Model, respectively (Chylek et al. 2011) . AM, MOM, LM2, SIS for GFDL-CMx represent atmospheric, ocean, land, and sea ice components, respectively (Griffies et al. 2011 The analogue method employs "composites" to identify prevailing large-scale atmospheric conditions (i.e. circulation features, moisture plumes) associated with the observed heavy precipitation events at local scale, through the joint analyses of precipitation-gauge observations and atmospheric reanalysis. The model-simulated daily meteorological conditions are then evaluated against the composites for their similarities in terms of the established "criteria of detection" (described later). Any day when the criteria of detection are met would be considered as a heavy precipitation day. Therefore, the analogue method only allows for the characterization of the heavy precipitation frequency. We use the CPC precipitation to identify the observed heavy precipitation events. A heavy precipitation event at any grid cell of 2.5° × 2° is its daily amount exceeding the 95th percentile of all rain days (> 1 mm) at that grid cell during a specific period (season). The 95th percentile of the observed precipitation distribution based on contemporary climate (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) is used to extract the heavy precipitation events for MERRA-2 reanalysis from 1980 to 2014 as well as for NARCCAP and CMIP5 of historical experiment from 1980 to 1998 and future experiment from 2041 to 2069. Gao et al. (2017) found that precipitation from the MERRA reanalysis (hereinafter referred to as MERRA_P) significantly underestimated the occurrence and interannual variations of observed heavy precipitation events in the Midwestern United States. Here we compare MERRA_P with precipitation from the MERRA-2 reanalysis (hereinafter referred to as MERRA2_P) and bias-corrected MERRA-2 precipitation (hereinafter referred to as MERRA2_Pc). The bias-correction uses observation-based precipitation data products outside of high latitudes to correct the precipitation on the land surface. These three products correspond to MERRA, M2AGCM, and M2CORR in Reichle et al. (2017) , respectively. In the following analyses, we present the aggregated number of events extracted at all data grid cells within the region of our interest from each data source. The MERRA-2 reanalysis is employed to construct the large-scale composites of atmospheric patterns associated with identified observed heavy precipitation events. The MERRA-2 reanalysis large-scale atmospheric fields from 1980 to 1998 will be used to develop and calibrate the analogue schemes, and from 1999 to 2014 to validate them. Gao et al. (2017) examined six analogue schemes based on combinations of the key resolved large-scale atmospheric variables that are widely documented in the previous literatures to be associated with heavy precipitation. These variables characterize flow of air (geopotential height or horizontal wind vector at 500 hPa), upward motion (vertical pressure velocity at 500 hPa), and moisture supply (surface specific humidity or column precipitable water or up to 500 hPa precipitable water). As demonstrated in Gao et al. (2017) for CMIP5 models, the increasing trend of geopotential height associated with climate warming disrupts the anomalous dipole structure of the composite seen in contemporary climate conditions. However, there appear no apparent shifts in the composites of the horizontal wind components and vertical velocity between future and the contemporary climates. Therefore, here we examine two analogue schemes based on 500 hPa horizontal and vertical winds (uvw 500 ) and each of two moisture variables, namely, near-surface specific humidity (q 2m ) and total-column precipitable water (tpw). The corresponding analogue schemes are hereinafter referred to as uvw 500 q 2m and uvw 500 tpw, respectively. The analogue scheme uvw 500 tpw 500 (constructed with precipitable water up to 500 hPa) is not included due to the similar results to those of uvw 500 tpw (Gao et al. 2017) . Our main intent is to examine how the CMIP5 GCMs and NARCCAP RCMs (driven by the same GCM) regridded to the common grid, perform in detecting the occurrence of heavy precipitation events under contemporary climate and quantifying its change as climate warms-based on prevailing large-scale physical mechanisms versus more conventional model-simulated precipitation, in comparison with observations. We are also interested in how the use of MERRA-2 atmospheric synoptic conditions to construct the analogue compares with the MERRA counterparts as used in Gao et al. (2017) .
Results
We focus our analyses on one of the regions analyzed in our previous work (Gao et al. 2017 )-the summer season (June-August, JJA) of the Midwestern United States (MWST). Based on our earlier discussion and given that summer-season precipitation over this region is strongly influenced by convective processes, this should presumably provide a strong testbed and cater to the higher resolution grid from the NARCCAP RCMs. We use the same region as defined in Gao et al. (2017) , bounded by 39°-45°N and 98.75°-88.75°W at the 2.5° × 2° resolution (20 grid cells shown as red rectangle in Fig. 1a) . Figure 1 shows the composites as standardized anomalies by averaging the MERRA-2 reanalysis across the 400 observed heavy precipitation events from 1980 to 1998 at 2.5° × 2°. Although the standardized anomalies of all the meteorological fields are not strong, we see heavy precipitation occurring with the presence of lower heights to the west and higher heights to the east of the analysis region as well as the transport of warm, moist air from the Gulf of Mexico north-northeastward across the north-central United States (Fig. 1a) . The composite exhibits characteristics of the ''Maya Express'' that fetches moisture from the subtropics or tropics, with the origins of this moisture plume possibly extending farther south and east toward the Caribbean Sea. Also evident are moister air and stronger upward motion centered on the study region (Fig. 1b) . These features represent the preferred synoptic conditions conducive to heavy precipitation events in this region.
We follow the same procedure as described in Gao et al. (2017) to develop, calibrate and validate the analogue schemes and will briefly state it here. Two metrics, the "hotspot" and the spatial anomaly correlation coefficient (SACC) are employed to characterize the degree of consistency between daily MERRA-2 atmospheric fields and the distinct synoptic conditions conducive to heavy precipitation events shown in composites. The "hotspot" metric diagnoses the extent to which the composite of each atmospheric field is representative of any individual event. It involves the calculation of sign count at each grid cell by recording the number of individual events whose standardized anomalies have consistent sign with the composite. "Hotspots" are identified as the grid cells where the events used to construct the composites exhibit strong sign consistency with the composite itself (i.e. the larger sign counts). SACC is calculated between the daily MERRA-2 atmospheric fields and the corresponding composites over the region that captures and centers the coherent structures of the composite fields. Previous analyses from Gao et al. (2017) found that the resulting optimal thresholds (described later) is not sensitive to the differences in the size and aspect ratio of regions chosen for SACC calculation. Ten ranges of SACC threshold are assessed from 0.0 to 1.0 with an interval of 0.1. We perform automatic calibration to determine the cut-off values for SACC and the number of hotspots of all four variables simultaneously for each analogue scheme (uvw 500 q 2m and uvw 500 tpw). Five performance measures that are commonly used in "confusion matrix" for binary classification are adopted, including True Positive Rate (TPR), False Positive Rate (FPR), Accuracy (ACC, the ratio of combined true positives and true negatives to total population), Precision (PPV, the proportion of correctly identified events to the total identified heavy events), and F1 score (the harmonic mean of PPV and TPR). The criteria for detection of heavy precipitation events follow Gao et al. (2017): (1) at least 3 out of 4 variables have consistent signs with the corresponding composites over the selected "hotspot" grid cells; and (2) at least 1 out of 3 variables has SACC larger than the determined thresholds. The optimal cutoff values for the number of hotspots and SACC threshold are chosen to produce the observed number of heavy precipitation events with the best TPR. The established detection criteria will then be applied to the 1999-2014 MERRA-2 reanalysis as well as the CMIP5 and NARCCAP historical and future b 500-hPa vertical velocity (contour, w 500 ) and total precipitable water (tpw; shaded). The red rectangles (20 grid cells in total) depict our study regions model-simulated daily meteorological conditions to obtain analogue-based heavy precipitation events. Note that when considering future climate, we assume stationarity of the synoptic-scale states and that climate change will, for the most part, manifest itself as a change in the timing, persistence, and frequency of these large-scale features. We compare the results of analogue schemes with the heavy precipitation events identified from the observations, three MERRA precipitation products, the CMIP5 and NARCCAP model precipitation (all at 2.5° × 2° resolution). Table 2 shows performance measures of two analogue schemes and three MERRA precipitation products in detecting heavy precipitation events during calibration (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) and validation (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) periods. During the calibration period, MERRA_P and MERRA2_Pc underestimate the number of heavy precipitation events, while MERRA2_P overestimates the events. These features are consistent with their relative magnitude differences as shown in Fig. 3b, d of Reichle et al. (2017) . The overestimated number of events by MERRA2_P, as expected, leads to the highest TPR (75%), but usually at the expense of the highest FPR (19%) as well. The strong underestimation by MERRA_P presents the opposite case to that of MERRA2_P with the lowest TPR (23%) and FPR (2%). The MERRA2_Pc lies in between with TPR and FPR being 49% and 5%, respectively. Two analogue schemes exhibit fairly similar performances and show lower TPR and FPR than MERRA2_P but higher TPR and FPR than MERRA2_Pc. We found ACC fairly insensitive with small changes across all five schemes, likely attributed to our unbalanced dataset with non-heavy events (and thus true negative) occupying the large portion. The magnitude of PPV does not follow a simple rule as it is related to how the total identified heavy events by each scheme is partitioned between correctly and falsely identified events. The magnitudes of F1 score are largely consistent with TPRs, with MERRA2_P and MERRA_P being highest and lowest, the two analogue schemes and MERRA2_Pc being similar and slightly lower than MERRA2_P. Overall, there is no single scheme that performs consistently better than others across all the measures, however, a salient feature is the relatively poorer performance of MERRA_P in comparison with the other schemes. During the validation period, we see similar characteristics across various schemes except that nearly all the performance measures are worse than those during the calibration. In comparison with two MERRA-2 precipitation products, the performance degradation in the analogue schemes is stronger, particularly in TPRs and F1 scores. This is expected as the analogue schemes are evaluated to data that is independent (i.e. non-overlapping) from the training data used for tuning. Precipitation from MERRA-2, however, contains assimilated observations throughout both periods. Note that the analogue schemes tend to underestimate the number of heavy precipitation events, but not as strongly as MERRA2_Pc. Figure 2a shows the performances of two analogue schemes in depicting the interannual variations of summer heavy precipitation frequency from 1980 to 1998 (calibration) and 1999 to 2014 (validation) as compared to the observations and three MERRA precipitation products. It is readily seen that MERRA_P significantly underestimates the number of heavy events throughout the entire 35-year period, and the resulting temporal correlation (0.65) are lower and the root-mean-square error (RMSE, 16 days) considerably higher than all the other schemes, especially during the validation period (0.3 and 19 days, Fig. 2b ). Two analogue schemes and MERRA-2 precipitation (MERRA2_P and MERRA2_Pc) reproduce the observed interannual variations of heavy precipitation frequencies 
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Figure 3 displays the comparisons of the number of 1980-1998 summer heavy precipitation events obtained from the CMIP5 and NARCCAP model precipitation as well as by applying two analogue schemes to the CMIP5 and NARCCAP atmospheric synoptic conditions. Also included are the numbers of heavy precipitation events estimated from the observations and three MERRA precipitation products. The precipitation from 17 out of 18 CMIP5 models (CMP_pr in Fig. 3 ) underestimates the number of heavy precipitation events. The models exhibit a varying degree of underestimation, resulting in a considerably wide interquartile range (IQR, 155 days) and intermodel spread (370 days). In contrast, the results from two analogue schemes (CMP_uvw 500 _tpw and CMP_uvw 500 _ q 2m ) produce the multi-model medians that are much more consistent with the observation as well as reduced IQRs and inter-model ranges (i.e. a stronger model consensus). The scatters of three labeled CMIP5 models clearly manifest such differences in the spread of precipitation versus analogue-based results. The analogue scheme based on tpw slightly outperforms that based on q 2m with stronger model convergence. The precipitation from GCM-driven NARCCAP ensemble (NAR_pr in Fig. 3 ) also underestimates the number of 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 (a) heavy precipitation events. Singh et al. (2013, Fig . S4 ) also reported the underestimation of summer wet extreme days in parts of central US based on five CCSM3 driven RegCM3 ensembles. However, RCMs generally improve upon the corresponding CMIP5 models, except for the CRCM driven by CCSM which shows a larger negative bias than the CCSM4 in CMIP5. Such improvement is expected and likely attributed to better representation, at the RCMs' higher spatial resolution, of the atmospheric fluid dynamics, surface boundary conditions, and smaller-scale weather systems that often produce intense rainfall in mid-continent areas in the summertime. This is consistent with what Torma et al. (2015) demonstrated that various characteristics of precipitation over the Alpine region from the RCMs were mostly better than their driving GCM counterparts, also when the RCM fields were upscaled at the coarse GCM scale. The improvement is greater for two RCMs driven by CGCM3 and MM5I driven by CCSM. However, there is no single RCM (i.e. WRFG or CRCM) driven by multiple GCMs or multiple RCMs driven by a single GCM (i.e. CCSM or CGCM3) that consistently performs better than its peers. The results that are more consistent with the observation can occur to different RCM-GCM combinations, such as HRM3-GFDL, MM5I-ccsm, and WRFG-CGCM3. We find that CRCM or WRFG driven by CGCM3 boundary conditions gives larger number of heavy precipitation events than that driven by CCSM, while CRCM driven by two GCMs exhibits smaller number of events. Several studies documented that CRCM driven by the NCEP-2 reanalysis produces too low extreme precipitation metrics as compared to the observed and other regional model results (Fig. 2 of Wehner 2013; Table 2 of Kawazoe and Gutowski Jr. 2013a, b) . Worthy to note is that three RCMs driven by the CCSM lead to a fairly wide range of scatter, with the number of heavy precipitation events ranging from 74 to 347, roughly comparable to the entire range by six RCM-GCM combinations and 18 CMIP5 models. Wehner (2013) found significant variation in NARCCAP RCMs' abilities to reproduce observed 20-year return values of seasonal maximum daily precipitation rates over the contiguous United States. Mishra et al. (2014) also reported a high intermodel variation in the CORDEX-RCMs to simulate precipitation extremes over India and the resulting ensemble mean of CORDEX-RCMs showed weaker performance than that of a subset of the better performing CMIP5 models. The RCM performances are well known to be very sensitive to the choice of parameterization schemes and physics packages (Christensen et al. 2007 ). The four regional models employed here differ greatly in their formulation of subgrid scale turbulence, radiative transfer, boundary layer effects and moist processes. Specifically, the moist processes, including parameterized treatments of shallow and deep convective cloud processes as well as larger scale cloud physics, are the most relevant to the precipitation simulation. Global climate models that RCMs rely on for the lateral boundary conditions add additional uncertainty. Two analogue schemes based on the regridded coarse-resolution RCMs slightly underestimate the heavy precipitation frequencies as well (NAR_uvw 500 _tpw and NAR_uvw 500 _ q 2m in Fig. 3 ), but clearly improve upon the corresponding model precipitation with largely reduced inter-model spread and collectively more consistent frequencies with the observation. Likewise, the analogue scheme based on tpw marginally outperforms that based on q 2m with slightly smaller inter-model range (52 versus 83 days). Different from the model precipitation, the heavy precipitation frequencies from the analogue schemes do not improve upon those from the corresponding CMIP5 models, particularly for CCSM and CanESM2. The better performances of the analogue schemes from CMIP5 models than from RCMs (driven by the previous version of GCMs) are likely attributed to the improved model physics (i.e. updated algorithms and schemes) in the newer versions of climate model components employed in CMIP5 (Gent et al. 2011; Chylek et al. 2011; Donner et al. 2011 ). For example, Chylek et al. (2011) showed that the CanCM4 and CanESM2 simulations reproduce reasonably well the twentieth century Arctic temperature anomaly, including the amplitude, the timing of the early twentieth century warming, and subsequent significant cooling, while the simulations of the CMIP3 models (CanCM3 and CCSM3) cannot reproduce these features. Overall, the analogue scheme performs better than the model precipitation in terms of the assessment of late twentieth-century heavy precipitation frequency from the perspectives of both accuracy (consistencies with observation) and precision (inter-model spreads), regardless of the atmospheric synoptic conditions or precipitation chosen from the coarse-resolution GCMs or the high-resolution RCMs regridded to the coarse resolution. The performances of the analogue schemes remain fairly robust between regional and global models. The high-resolution regional models do not add much value to global model results, mostly because analogue schemes essentially rely on the synoptic atmospheric features which are sufficiently resolved at the coarse-resolution global models. Our results also suggest that current state-of-the-art regional and climate models are capable of realistically simulating the atmospheric synoptic conditions associated with heavy precipitation events with reasonable frequencies. Accordingly, the analogue schemes may provide more skillful detection of heavy precipitation events than corresponding model-simulated precipitation.
Projected future changes in heavy precipitation frequency
Due to the natural chaotic behavior of the climate system, projection of future climate change based on a single realization of a single climate model cannot reproduce the great spatial heterogeneity of heavy precipitation in reality, regardless of model quality. Projected changes in heavy precipitation statistics from large ensembles of realizations are less spatially heterogeneous and should be considered in a probabilistic rather than in a deterministic sense. In comparison with CMIP5, the limited ensemble size of the NARCCAP projections poses challenges in quantifying such a probabilistic interpretation, but should still provide some useful insights. Figure 4a displays the changes in heavy precipitation frequency estimated from an ensemble of CMIP5 model precipitation and the analogue scheme uvw 500 tpw under the RCP8.5 scenario as well as the counterparts from NARC-CAP under the SRESA2 scenario. The multimodel medians of both analyses from CMIP5 (CMP_Pr_ and CMP_A_) indicate decreases in heavy precipitation frequency, with the drying trends of the analogue results stronger than those of precipitation. The medians of precipitation and analogue results suggest 0.3-0.6 and 2.0-2.8 fewer events per year, respectively. Previous studies also reported the projected reduction in the summer daily maximum precipitation rate or the frequency of summer wet extremes in the Midwestern US in the mid-or late-twenty-first century (Wehner 2013; Singh et al. 2013) . For both analyses, the majority of the models (50% ~ 75% or so) indicate decreases in the frequency. We see all three labeled GCMs manifest such drying trends. There are considerable uncertainties in the magnitude of change. However, the analogue scheme demonstrates reduced disagreements in the sign and magnitude of change in comparison with CMIP5 simulated precipitation during the same period. The distribution of projected changes ranges from decrease of 7 to increase of 5 events per year for (2041-2059) and 2060 (2051-2069) , respectively. b Same as a but for the analogue scheme uvw 500 q 2m . Selected NARCCAP ensembles (lines) are labeled to differentiate from the others precipitation, but from decrease of 6.5 (or 8) to increase of 3.5 (or 2) events per year for the analogue scheme. The GCM driven RCMs (NAR_Pr_ and NAR_A_) show very mixed responses. The CRCM and WRFG driven by the same GCM (ccsm or cgcm3) can have opposite sign of change in frequency for both model precipitation and analogue scheme, mostly with the drying trends for the CRCM but wetting trends for the WRFG, although the trends are sometimes relatively weak. The same RCM (CRCM or WRFG) driven by ccsm generally shows stronger decreases (or weaker increases) than that driven by cgcm3. Among six global-regional model pairs, HRM3 driven by GFDL generally shows strongest decreases in frequency across two analyses and two periods, while strongest increases are consistently observed for MM5I driven by ccsm. The resultant intermodel medians do not present evident and consistent trends across two analyses and periods, unlike the CMIP5 counterparts. The medians of precipitation and analogue suggest 0.1 and 1.1 fewer events per year during the 1st period but 0.9 and 0.2 more events per year during the 2nd period, respectively. The inter-model spread in the projected changes remain fairly large for the ensemble of NARCCAP model precipitation, from a decrease of 5 to an increase 6 events, comparable to that of the CMIP5 model precipitation. Paeth et al. (2011) also revealed a large spread in RCMprojected future precipitation trends over west Africa, even when the RCMs are driven by the same GCMs. Analogue scheme significantly reduces the inter-model discrepancies, especially during the 1st period. Overall, except for the HRM3 driven by GFDL, the consistencies in the sign of change between GCM driven RCM and corresponding CMIP5 model are poor, which is likely attributed to RCMs' high sensitivity to the choice in physical parameterizations. Frequency changes from the analogue scheme uvw 500 q 2m illustrates very similar features to those from uvw 500 tpw, except that both multi-model medians and individual model of uvw 500 q 2m demonstrate stronger drying trends (Fig. 4b) . This is true for both CMIP5 and NARCCAP results with their multi-model medians indicating 2.3-3.2 (CMP_A_) and 1.4 (NAR_A_) fewer events per year, respectively. Likewise, the analogue scheme significantly reduces the inter-model discrepancies in comparison with the CMIP5 or NARCCAP model precipitation counterpart.
One caveat of our study is that we only address the uncertainty in projections from inter-model differences in representing physical processes, but not internal (natural) climate system variability, both contributing to uncertainty in climate change projections and influencing interpretation about climate trends. Sutton (2009, 2011) suggest that the internal climate system variability is likely to be the dominant source of uncertainty in precipitation change in the near term over North America, while model structure uncertainty will dominate in the medium to long term. Based on a 40-member physically uniform ensemble, Deser et al. (2012) illustrated substantial natural variability in mid-twenty-first century precipitation projections in large parts of the US. The substantial role of natural variability was also identified in projections of changes in mean precipitation and extreme precipitation events over the US until 2050. Sriver et al. (2015) demonstrated that 34 CMIP5 models yield a considerable larger spread in representing local-scale daily summer precipitation maxima than the 50 Community Earth System Model (CESM) ensemble simulations with different initial conditions. Singh et al. (2013) compared the five-member CCSM3-RegCM3 ensemble spread in projections of various annual precipitation metrics with the 10-member NARC-CAP ensemble spread in the mid-century period. They found the inter-model spread dominates for the simulated frequency of extreme wet events and average intensity in most regions of the US, but is comparable to the intra-ensemble spread for extreme event intensity and total precipitation. These studies suggest that the relative contribution of internal variability and model structural differences depends on the variable and period of interest, and cautions should be taken for an interpretation of the projected trends-particularly those based on smaller ensembles.
Summary and discussion
The simulation of precipitation will continue to be an active area of development within global climate models, in part due to the influence of vertical motions and orography on scales smaller than the model grid. In this way, regional climate models are often perceived as an optimum approach to achieve better resolution of these high detail features, which are assumed to help produce heavy precipitation statistics that are closer to reality than the coarse-resolution global climate models. One alternative is an analogue style of statistical downscaling, which identifies the synoptic atmospheric circulation conditions that are sufficiently resolved in climate models to derive such statistics at the regional scale. In this study, we investigate the abilities of RCMs and GCMs, when regridded to a common GCM-scale grid, in quantifying the present-day summer heavy precipitation frequency and future changes in the Midwestern US based on model-simulated precipitation versus an analogue method.
We examine two analogue schemes constructed with the combinations of atmospheric circulation variables (500hpa horizontal and vertical wind vectors) and different water vapor content variables (near-surface specific humidity and column precipitable water). The analogue schemes are first calibrated with 19-year (1980-1998) and then validated with 16-year (1999-2014) MERRA-2 reanalysis. We found that the performances of two analogue schemes are comparable to those of MERRA-2 assimilated precipitation and MERRA-2 bias-corrected precipitation in characterizing the occurrence and interannual variations of observed heavy precipitation events in the MWST. They all significantly improve upon MERRA assimilated precipitation, which considerably underestimates the number of heavy precipitation events in the MWST.
17 out of 18 CMIP5 models and all 6 GCM driven NARCCAP ensemble underestimate the late twentieth-century (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) summer heavy precipitation frequencies with considerably large inter-model spreads, revealing the wide variation in both GCMs' and RCMs' abilities to reproduce the heavy precipitation over the MWST. The comparable inter-model spread exhibited by the six GCM-RCM pairs to that of 18 CMIP5 GCMs further highlights the strong sensitivity of RCM to the physical parameterizations that are chosen, as pointed out in several studies (Hewitson and Crane 2006; Christensen et al. 2007 ). However, RCMs generally improve upon the corresponding driving models from CMIP5, indicating that the better represented characteristics of RCM-simulated precipitation at the native grid (50 km) can be preserved to some extent after being regridded to the coarse resolution (2.5° × 2°). The analogue schemes, regardless of the atmospheric synoptic conditions chosen from the coarse resolution GCMs or the regridded RCMs, greatly improve upon their model precipitation counterparts in terms of the assessment of heavy precipitation frequency from the perspectives of both accuracy (consistencies with observation) and precision (inter-model spreads). Unlike model precipitation, the analogue schemes based on CMIP5 models perform better than those based on RCMs, which is probably attributed to the improved model components adopted in the CMIP5 GCMs compared to those in the NARCCAP driving GCMs from the CMIP3.
The multi-model median changes in both simulated precipitation and analogue schemes based on CMIP5 indicate decreases in heavy precipitation frequency by the middle of this century in the absence of climate-change policies, with the drying trends of the analogue results stronger than those of precipitation. Both analyses exhibit large uncertainty in the sign and magnitude of change. The RCMs show very mixed responses and the resulting multimodel medians do not present consistent trends across model precipitation and analogue schemes. Note our study only considers a small number (4) of RCMs with their lateral boundary conditions provided from small number (3) of global models. The limited NARCCAP ensemble is not sufficient to definitively sample the full range of uncertainty, which stems not only from the differences in RCM's parameterization schemes but also from the representation of the large-scale driving hydrodynamics by GCMs. Nevertheless, we find that the analogue schemes based on both CMIP5 and regridded RCMs outperform their model precipitation counterparts with considerably reduced inter-model spread. Feser et al. (2011) reviewed the RCMs' potential added value to global models and found that improvements depend essentially on the kind of application, experiment setup, analyzed model variable, and location. Di Luca (2012) also examined a necessary condition for the RCM technique to generate some added value. Both studies concluded that regional models showed an added value if the climate statistics of interest contain some fine spatial-scale variability (i.e. mesoscale phenomena, orography, coastlines, land surface heterogeneity) that would be absent on a coarser grid. This is consistent with what our results over the MWST indicate. Model-simulated precipitation regridded from the RCMs improves upon that from the driving GCM counterparts in estimating heavy precipitation frequency (i.e. Fig. 3 ), because summertime local precipitation extremes in this region depend, to a salient extent, on small-scale atmospheric features (i.e. convective cells) that are more explicitly resolved by the regional model. The analogue method, in this case study, demonstrates a weak potential to improve the RCM skill over its GCM driver, largely because the analogue relies on the synoptic atmospheric conditions that are sufficiently resolved in the GCMs and thus the higher spatial resolution of the RCMs may be less important. In summary, a RCM is essential for assessing the potential impacts of local forcing (e.g. topography, land-water boundaries, land use and land cover change) at a high spatial granularity. However, its sensitivity to the chosen physical parameterizations will also degrade the resultant multi-model ensemble's ability to add precision. This is seen by the lack of any notable improvement in RCM consensus compared to the GCM results (Fig. 4) -particularly for the results based on simulated precipitation. The analogue method clearly shows substantial improvement to matching the observed heavy precipitation frequency for both the GCMs and RCMs as well as the improved consensus compared to their simulated precipitation counterparts. Given its weaker dependence on resolution (compared to the explicit precipitation simulations) and the convergence in the circulation response among GCMs, the analogue method presented here offers an opportunity to develop a robust assessment of the projected changes in regional-scale heavy precipitation frequency. Nevertheless, these results are from one type of event in one region, further research covering other regions and classes of events is warranted, and the flexibility of the analogue method gives us the ability to do so.
